Knowledge of the home range of threatened species is basic to their management and conservation. We describe the home range of the squirrel glider (Petaurus norfolcensis), a threatened marsupial, in the central part of its geographic range in eastern Australia. Thirteen individuals belonging to 6 monogamous social groups were radiotracked for 2-9 months. The adaptive kernel (AK95%) estimate reached an asymptote at approximately 30 locations, giving a mean area of 6.2 ha 6 0.6 SE for the 9 gliders with .30 locations. The AK50% averaged 0.9 6 0.2 ha, indicating that small core parts of the home range were used intensively. Home ranges of group members (AK95%) showed a high degree of overlap (77%) and when combined averaged 6.7 6 1.0 ha. They overlapped substantially (50%) with adjacent glider groups but core areas (AK50%) within them overlapped by only 12%. Two of 5 available habitats were well represented in all group home ranges. Habitat dominated by coast banksia (Banksia integrifolia), a key winter nectar food resource, was overrepresented compared to its availability. Conservation measures for this species involving habitat retention or restoration must be informed by recognition of what comprises a preferred local habitat and its distribution.
Despite the ubiquity of gliding mammals in many forest ecosystems around the world, the home ranges of relatively few species have been described. Several studies have found that gliding mammals occupy home-range areas much larger than predicted based on their body mass (Fridell and Litvaitis 1991; Goldingay and Kavanagh 1993; Hanski et al. 2000; Jackson 2000; Menzel et al. 2006; Witt 1992) . The generality of this, or whether it relates to gliding locomotion, is unknown, but if the pattern persists the underlying cause should be of ecological interest. For this reason it is critical that studies are conducted in a way that allows home-range areas to be adequately described and compared.
The size of a species' home range is influenced by its diet and size-dependent metabolic demands (Harestad and Bunnell 1979; Kelt and Van Vuren 2001; Mace and Harvey 1983; McNab 1963) . Therefore, describing the size and configuration of the home range is fundamental to understanding the environmental requirements of a species. For threatened species, describing the home range may be needed to estimate population size and carrying capacity (e.g., Goldingay and Possingham 1995) or to understand the influence of key habitat components on space use (e.g., Kamler et al. 2003; Zielinski et al. 2004 ). The latter may be required in habitat restoration or when mitigating impacts from anthropogenic disturbance. Many gliding species are recognized as threatened throughout part or all of their geographic range (Hackett and Pagels 2003; Hanski et al. 2000; Jackson 2000; Kavanagh 2004; Menzel et al. 2006; Odum et al. 2001; Smith and Nichols 2003; van der Ree et al. 2004) , necessitating a detailed understanding of their spatial requirements. Furthermore, home-range size may vary geographically and in response to variation in habitat quality, requiring the replication of studies to adequately describe the spatial requirements of widely distributed species.
The squirrel glider (Petaurus norfolcensis) is a small (180-to 300-g) arboreal marsupial that feeds on exudates, arthropods, and pollen (Dobson et al. 2005; Menkhorst and Collier 1987; Sharpe and Goldingay 1998) , and is dependent on hollowbearing trees for nesting (Traill and Lill 1997) . It is listed as threatened throughout more than half of its geographic range (Kavanagh 2004; van der Ree et al. 2004) , which extends along some 3,000 km of eastern Australia. In the northern part of its range, its status is not fully resolved (Eyre 2004; Winter et al. 2004) . However, throughout its distribution it is poorly represented in conservation reserves and its habitat is highly prone to clearing and fragmentation (Claridge and van der Ree 2004; Goldingay and Sharpe 2004a; Kavanagh 2004; Rowston et al. 2002; van der Ree et al. 2004) . The home range of this species has been described by 2 earlier studies. One study in continuous forest relied on a relatively small number of trap capture locations (Quin 1995) , whereas the other was conducted in narrow roadside strips of habitat with an emphasis on describing the home range from radiotracking periods of 3-6 weeks (van der Ree and Bennett 2003) . It is unlikely that either study has fully described the home range of the squirrel glider, and the influence of the distribution of different habitat types has not been considered.
The aim of this study was to determine the size and spatial arrangement of squirrel glider home ranges within natural forest near the middle of its geographic range. To facilitate comparisons across studies we used several different homerange estimators.
MATERIALS AND METHODS
Study area.-Our study was conducted at Bungawalbin Nature Reserve, northern New South Wales, Australia (298109S, 1538079E). Bungawalbin Nature Reserve occurs at an elevation of 20-25 m and has little topographic variation. The 500-ha reserve is surrounded by private land that is part of a large area of relatively continuous forest covering thousands of hectares. Squirrel gliders appear to be widespread throughout this area (D. J. Sharpe and R. L. Goldingay, in litt.). The dominant overstory tree species at the study site were all in the family Myrtaceae: smudgy apple (Angophora woodsiana), swamp box (Lophostemon suaveolens), pink bloodwood (Corymbia intermedia), northern gray ironbark (Eucalyptus siderophloia), narrow-leaved red gum (E. seeana), cabbage gum (E. amplifolia sessiliflora), gray box (E. moluccana), small-fruited gray gum (E. propinqua), and red mahogany (E. resinifera). Midstory species include coast banksia (Banksia integrifolia), paperbarks (4 species of Melaleuca), curracabah (Acacia concurrens), and green wattle (A. irrorata). Further details of the study area are provided by Sharpe and Goldingay (1998) and Sharpe (2004) .
Glider trapping and radiotelemetry.-We established a trapping grid of 30 large (45 Â 15 Â 15-cm) Elliott traps (Elliott Scientific Equipment, Victoria, Australia) in a 5 Â 6 arrangement at 100-m intervals in January 1996. Each trap was tied to a horizontal bracket attached to a tree trunk 2-3 m above the ground. Traps were baited with a mixture of peanut butter, oats, and honey. A trail of dilute honey-water solution was sprayed on each tree to a height 3-4 m above the trap. The grid was trapped in most months for 4 consecutive nights from March 1996 until December 1996 for a total of 1,200 trapnights (see Sharpe 2004) .
Captured squirrel gliders were fitted with numbered fingerling ear tags to which unique combinations of colored reflective tape were glued. This facilitated individual recognition when gliders were located at night (Goldingay 1992; Goldingay and Kavanagh 1993) . Gliders were weighed, assigned to age classes using tooth condition and ventral fur color, and sex was determined (Quin 1995; Sharpe 2004; Suckling 1984; van der Ree 2002) . Gliders were fitted with a 6-g radiocollar (4% of adult body weight) consisting of a LT1 single-stage transmitter with a brass loop antenna (Titley Electronics, Ballina, Australia).
Gliders were radiotracked on 2-6 nights per month from late March until December 1996. Location data were obtained on foot with the assistance of a Regal 2000 telemetry receiver (Titley Electronics). Radiotracking usually commenced after dusk once den watches had confirmed that gliders were active and continued until about 0230 h. During this time, we relocated the same individual glider at minimum intervals of 1 h, but we also occasionally (,10 times overall) used locations if an individual had moved .100 m in a shorter period. This strategy was considered to generate independent locations (Swihart and Slade 1985) , and was justified by several observations of squirrel gliders traveling 250-400 m within about 15 min of emergence from their dens, representing close to the entire length of their home range. On each night, gliders were located in a particular, randomized sequence to avoid any systematic biases.
Radiotracking enabled gliders to be located within individual trees with the assistance of a 50-W red-masked spotlight. A study of glider feeding behavior was conducted concurrently (see Sharpe and Goldingay 1998) . The actual trees in which gliders were located were marked with flagging tape. These trees were later mapped relative to a grid marked out in 50 Â 100-m intervals that comprised the trapping grid and expanded areas to ensure all home ranges fell within it. We estimate that the positional accuracy was about 65 m.
Routine observation of den trees at dusk (i.e., emergence time) was employed to identify untrapped gliders and to determine the composition of the groups containing collared gliders. Dens were watched until gliders emerged or for a maximum of 2 h after sunset. Den watching was usually successful (all known group members observed emerging) with 4 social groups, including 1 that contained a male that was never trapped. The dens of the remaining 2 groups were only observed on a couple of occasions each and the distribution of trap captures was used to assist with group identification. Extensive spotlighting to observe individuals during the feeding behavior study provided ample opportunity to detect untagged individuals (see also Goldingay and Sharpe 2004b) .
All animal handling and radiotracking protocols were consistent with the guidelines of the American Society of Mammalogists (Gannon et al. 2007 ). Approval to conduct this research was obtained from Southern Cross University's Animal Care and Ethics Committee.
Home-range estimation.-Location data were analyzed using program Calhome (Kie et al. 1994 (Kie et al. , 1996 . Minimum convex polygon (MCP), harmonic mean distance minimum (HM), and adaptive kernel (AK) were used to estimate the home-range area of squirrel gliders. We used a 20 Â 20 grid cell overlay for the HM. We used the AK (Worton 1989) because it can produce reliable estimates for ,50 locations (Seaman and Powell 1996) . We set the bandwidth (a smoothing parameter- Seaman and Powell 1996) to 80% of the default value to avoid fragmenting some home ranges (Kie et al. 1994) .
The home-range analyses used all nocturnal radiolocations of gliders, including records of gliders that appeared to have returned to their dens between feeding bouts. Two records of a female glider 500 m outside her usual home range, feeding in a flowering northern gray ironbark, were not included (see Burt 1943; Harestad and Bunnell 1979) . Diurnal den locations were taken once per day (see also van der Ree and Bennett 2003). Diurnal den locations also comprised a large proportion of locations used in home-range analyses by Hanski et al. (2000) . In our case, these locations needed to be included in the homerange analyses because den trees represented extreme locations of the home range for some glider groups and because most groups used multiple den trees. Also, den trees are essential components of the home range (Traill and Lill 1997) . Trap locations gathered while managing the radiotracking program also were used. However, we excluded trap locations that fell outside the MCP based on nocturnal locations. Because squirrel gliders are social animals, the home ranges of 5 groups also were estimated by combining the locations of all group members (Goldingay 1992; Goldingay and Kavanagh 1993 ). This could not be done for the remaining group where only 1 glider was collared.
For all 3 home-range estimators, the 95% and 50% isopleths were calculated. These are commonly used to represent the home-range boundary and core area, respectively (e.g., Comport et al. 1996; Harris et al. 1990; Jaremovic and Croft 1987) . The HM80% isopleth was calculated to allow comparison with the work of Quin (1995) . We also calculated the MCP100% to facilitate broader comparisons among studies. Home-range overlap was measured using the animal movement program in the geographical information system ArcView 3.2a (Hooge et al. 1999) . ArcView uses the fixed kernel (FK), which gave results similar to those using the AK.
It is important to assess the number of locations at which home-range size estimates stabilize (Harris et al. 1990; Seaman et al. 1999) . We conducted an asymptote analysis on the AK95% and MCP100% by randomizing the order of locations for all gliders that were radiotracked for !5 months and with .30 locations. Starting with 10 locations for each glider, the number of locations was increased in increments of 20 until all locations within a set were assessed. Five randomized replicates of each sample size were conducted, producing a mean and standard error (SE) for each sample size.
To provide a measure of home-range size and shape, we used ArcView to measure the distance between the furthest points on both the long and short axes of the home range. We also described the maximum distance traversed by gliders at night. We recognize that we did not conduct whole-night tracking of individuals but our measure is likely to provide a minimum estimate of the mobility of gliders within their home ranges. We examined the nightly locations for the complete tracking record of each individual and measured the maximum distance (assuming straight-line distances) traversed within a night.
Habitat analysis.-We described and mapped the study area to determine the extent of various habitat types present within each home range. To describe habitat, a 20 Â 20-m quadrat was placed around each of the 30 trap locations. Another 6 quadrats, also 100 m apart, were located in parts of glider home ranges not adequately represented by trap stations. Within each quadrat, all tree and shrub species were identified and measured. These data were used to describe plant communities (referred to as habitat types) relative to a standard forest classification scheme (Richmond Regional Vegetation Committee 2002) . These habitat types are based on the tree species that dominate a stand, although other species are usually present to a lesser extent. Our study area contained 5 habitat types: eastern red gums-dominated by 1 or more red gums (cabbage gum and narrow-leaved red gum) and northern gray ironbark; lowland gray box-dry open forest with an open understory dominated by gray box, gray gum, and northern gray ironbark, and generally containing swamp box; red mahogany-stands dominated by red mahogany; banksiastands of coast banksia trees with an overstory including pink bloodwood on deep sands; and paperbark-stands of 1 or more paperbark (Melaleuca) species, and also may include swamp oak, eucalypts, or both (e.g., scattered narrow-leaved red gums). Once the habitat types were identified, their boundaries were mapped relative to the grid used to describe location data. The minimum square area, orientated to the major compass bearings, that enclosed all glider home ranges was mapped and used to describe habitat availability. Home-range boundaries were derived in ArcView (based on the 95%FK). The area of each habitat in each group home range was measured and converted to a percentage of the total home-range area.
RESULTS
Location data and group composition.-Radiocollars were fitted to 13 squirrel gliders (6 females and 7 males) from 6 adjacent groups (Table 1) . Regular den watching, patterns of home-range overlap, observations of group foraging, and patterns of trap captures collectively demonstrated that the squirrel gliders formed monogamous groups at the time of study, consisting of an adult pair with or without offspring. We were aware of only 1 individual (present in group 2) that evaded capture in the 6 groups and, based on its morphology, we could identify it as an adult male. All radiocollared gliders except 1 (M42) were adults and all females had previously bred, did so during the study, or both. These gliders appeared to form a discrete aggregation focused on a stand of coast banksia and it was rare to capture any additional gliders that were not part of this local population. Despite this, squirrel gliders were regularly observed in other, disjunct parts of the nature reserve (D. J. Sharpe, in litt.).
The period over which gliders were tracked was curtailed for 3 gliders. A subadult male (M42) from group 4 disappeared after 2 months of tracking and was never seen again. Adult male M31 from group 3 disappeared after about 3 months. His place apparently was taken by M32, which was tracked during the last 2 months of the study. Female F2 was lost after 2 months of radiotracking. Owl predation during a tracking event was implicated because a strong, clear signal appeared to lift upward, pass overhead, and rapidly fade. Her signal was never relocated and she was never resighted despite having been recorded using only 1 den tree. Her consort, M2, who remained untrapped, continued to use this tree. Thus, 5 of 6 females were tracked for !5 months, resulting in 73-99 locations each (Table 1) . In contrast, only 1 male (M41) was tracked for !5 months, producing 77 locations. Six other males were tracked for 2-3 months but .30 locations were obtained for only 2 (M5 and M6).
Home range estimates.-Asymptote analysis revealed that a minimum of 30 locations was required to provide reliable home-range estimates using the AK95% (Fig. 1) , indicating that 9 gliders (6 females and 3 males) had sufficient locations to produce reliable home-range estimates. The mean AK95% from these animals was 6.2 ha 6 0.6 SE ( Table 2 ). Estimates of females were 2.4-9.2 ha and those of males were 5.4-7.6 ha. There was no difference in the mean areas of male and female gliders (t ¼ 0.77, d.f. ¼ 7, P ¼ 0.23). Home ranges of males may have been underestimated because only 3 had .30 locations. For example, M31 (24 fixes) and M32 (14 fixes) had estimates of 10.4 ha and 5.5 ha, respectively, but we excluded these from our mean for males. These males denned with F3, the female with the largest home range, at different times (see above). The mean AK50% from the 9 animals was 0.9 6 0.2 ha ( Table 2) .
The asymptote analysis revealed that the MCP100% required 50 or more locations to reach an asymptote (Fig. 1) . To compare across estimators we have estimated areas using MCP and HM for the 9 gliders with .30 locations ( Table 2) but we recognize that MCP may be underestimated. The mean HM95% from these animals was 5.8 ha, the HM80% was 2.8 ha, and the HM50% was 0.7 ha. The mean MCP100% and MCP50% were 5.6 ha and 0.9 ha, respectively ( Table 2) .
The 50% isopleths averaged 16% (range 11-24%) of the total home-range area across the 3 estimators (Table 2) . Core areas tended to cluster around den trees and within a stand of coast banksia. The banksia stand and the most frequently used den sites tended to occur at opposite ends of each home range, a feature that was relatively constant across the groups (Fig. 2) .
Group members had concordant home-range estimates and showed a high degree of home-range overlap ( " X ¼ 77% 6 4.1%, n ¼ 4 pairwise comparisons) such that the mean group home range (6.7 6 1.0 ha, AK95%) was little different to the individual mean (Table 1) . Glider groups averaged 50% 6 5.4% overlap at the AK95%, but only 12% 6 7.8% at the AK50%.
Range length.-The long axis of the group home range ( " X ¼ 482 6 40 m) was longer (t ¼ 8.70, d.f. ¼ 5, P , 0.001) than that of the short axis (178 6 7 m). The maximum distance moved by female gliders within a night averaged 1,174 6 181 m (n ¼ 6, range 604-1,909 m), whereas males averaged 1,043 6 122 m (n ¼ 7, range 547-1,561 m).
Habitat use.-We identified 5 habitat types within the study area (Table 3 ). The long axis of each home range was perpendicular to the floristic gradient established by the spatial arrangement of these habitat types (Fig. 2) . All glider groups used the banksia and eastern red gum habitats (Table 3) . On average the area of banksia within home ranges was double that of its availability, whereas eastern red gum was used in proportion to its availability. The other 3 habitats were underrepresented within glider home ranges (Table 3) . Although providing some den sites, the location points indicated that the gray box habitat was scarcely used for foraging. The largest home range (group 3) contained the most paperbark habitat (Fig. 2) .
DISCUSSION
Home range estimates.-Although the home-range areas of squirrel gliders varied, there was consistency among the estimators (AK95%: 6.2 ha; HM95%: 5.8 ha; MCP95%: 3.9 ha). The AK95% estimate is considered reliable because it stabilized at 30 locations. The MCP100% required 50 locations to stabilize, but 2 of 9 gliders used for the mean did not reach this threshold so it is likely this area has been underestimated. The home-range area estimates were derived from individuals belonging to 5 monogamous groups where the females were tracked for 5-9 months and the males for 2-8 months. Thus, our estimate is representative of the home-range area for this species at Bungawalbin. Our mean estimate is close to twice the mean size estimated in 2 earlier studies. Quin (1995) estimated home ranges with grid trapping, which is widely regarded to underestimate home-range area compared to radiotracking (e.g., Pavey et al. 2003; Ribble et al. 2002) . Furthermore, Quin's (1995) mean long-term home range of 3.1 6 0.4 ha was based on the HM80%. The use of an activity level below 95% to estimate the area of the total home range is uncommon among recent mammal studies (e.g., Gehring and Swihart 2004; Morzillo et al. 2003; Zielinski et al. 2004 ). We estimated 2.8 ha with HM80% compared to 5.8 ha with HM95%; thus, Quin's (1995) apparent underestimate of home range may reflect the different estimator as much as different field methods. The work of van der Ree and Bennett (2003) provided important insight into home ranges in linear roadside habitat but not of those in continuous habitat. However, their emphasis on describing home ranges for seasonal periods of 3-6 weeks likely underestimated the area. Only 4 gliders were tracked over the entire 11-month study period giving a mean (95% estimator) of 3.9 6 0.8 ha. Squirrel gliders use food resources on a seasonal basis in response to changing patterns of abundance (Dobson et al. 2005; Menkhorst and Collier 1987; Sharpe and Goldingay 1998) , resulting in the home range being used unevenly during the year. Thus, estimating total homerange areas must be based on periods spanning 6-12 months from a representative number of individuals (see also Menzel et al. 2006) . At Bungawalbin, squirrel gliders were highly mobile within home ranges that on average measured 482 Â 178 m. Maximum nightly movements averaged 1,174 m for females and 1,043 m for males. van der Ree and Bennett (2003) reported a mean maximum nightly movement distance for 3 individuals of 1,125 m, suggesting a home-range area of similar magnitude to Bungawalbin. Further studies are required to confirm whether our estimates are typical for this species. Group members had a high degree of home-range overlap (77%). This contrasts with the lower level of overlap of adjacent groups (50% for the AK95% and 12% for the AK50%). van der Ree and Bennett (2003) found 73% overlap of group members compared to only 14% with adjacent groups. The linear habitat of their study area likely constrained overlap among adjacent groups. The pattern of spatial organization that emerges for petaurid gliders is that the larger yellow-bellied glider (P. australis; 600 g) and the mahogany glider (P. gracilis; 400 g) maintain exclusive total home ranges, whereas the smaller sugar glider (P. breviceps; 100 g) and squirrel glider apparently maintain exclusive core areas only (Goldingay and Jackson 2004 ; this study).
Some gliding mammals occupy larger than expected home ranges (Fridell and Litvaitis 1991; Goldingay and Kavanagh 1993; Hanski et al. 2000; Jackson 2000; Menzel et al. 2006 ). However, replication of studies to confirm such a result has occurred for few species and home-range size may vary geographically, particularly with variation in habitat quality (e.g., Bendel and Gates 1987; Fridell and Litvaitis 1991; Menzel et al. 2006) . The yellow-bellied glider (P. australis) is 1 species for which adequate replication has occurred to confirm that home-range size is consistently large (Goldingay and Jackson 2004; Goldingay and Quin 2004) . Our estimate of 5.6 ha for the home range of the squirrel glider from MCP100% is close to but below the 7.0 ha predicted from body weight by the equation for omnivorous mammals of Harestad and Bunnell (1979) . Clearly, further studies across a range of species are needed to better understand the proximate and ultimate causes of home-range size in gliding mammals.
Management implications.-We have estimated the mean home-range area (AK95%) of the squirrel glider to be 6.2 ha for an individual and 6.7 ha for a group. This is of particular relevance to impact assessment and recovery planning for the squirrel glider. New housing developments are continuing to clear and fragment squirrel glider habitat, particularly in southeastern Queensland and central-coastal New South Wales (Rowston et al. 2002; Smith and Murray 2003) . Mitigation of these impacts has focused on the retention and rehabilitation of relatively small forest remnants and on providing corridor connections (Goldingay and Sharpe 2004a; Goldingay et al. 2006; Smith and Murray 2003) . Our study can guide determination of minimum areas of retained habitat, or conversely, the number of squirrel gliders that may be lost to development. Because home ranges of squirrel gliders included multiple habitat types, conservation of squirrel gliders will require the retention of 2 or more preferred habitats within a local area to ensure the seasonal continuity of food resources. The use of different habitat types does not appear to depend on the spatial locations of den trees, probably because of the high mobility of the squirrel glider (e.g., maximum nightly movements of 547-1,909 m). Banksia and eastern red gum (which also contained northern gray ironbark) habitats were common to all home ranges, whereas 3 other habitats were absent from several home ranges or were underutilized in relation to their availability. These species are important nectar resources (Dobson et al. 2005; Sharpe 2004; Sharpe and Goldingay 1998) . Thus, the spatial organization of home ranges of squirrel gliders at Bungawalbin was strongly influenced by the distribution of key winter-and spring-flowering trees. Habitat restoration, whether in the form of replanting treeless areas to expand or create habitat, or creating connecting corridors, will be a key element of recovery planning for the squirrel glider (Claridge and van der Ree 2004; Goldingay and Sharpe 2004a; Goldingay et al. 2006) . Where this occurs, habitat mosaics or multispecies stands should be created rather than monotypic stands of preferred tree species. Failure to provide for seasonal habitat use may result in the loss of squirrel glider populations, even if their area requirements are met (Goldingay and Sharpe 2004a) .
